Abstract. Industrial systems are usually characterized by high energy consumption and presence of sensitive loads which require high levels of Power Quality. Based on the grid architecture of an actual Italian industrial facility, this paper proposes the installation of a hybrid AC/DC microgrid. The hybrid microgrid includes dispatchable and non-dispatchable renewable generation units, battery storage systems and controllable loads. An optimization model is formulated to solve the problem of the day-ahead optimal scheduling of the microgrid. The model aims to optimize the operation of dispatchable resources, controllable loads and storage systems minimizing the daily costs of the energy imported from the AC grid and the costs required by the dispatchable generators while satisfying operational constraints such as those related to the production process of the industry facility. Different case studies are investigated in order to show the feasibility and effectiveness of the proposed procedure.
Introduction
In the last decade significant modifications to the structure and management of power systems have been experimented and we can expect that the future electrical distribution systems progressively approach the new concepts of Smart Grids (SGs) and Microgrids (µGs). These modifications are mainly due to the increasing level of penetration of dispersed generation, storage systems and controllable loads together with the use of Information and Communication Technologies [1] [2] [3] [4] [5] [6] .
As well known, µGs can be classified in AC and DC µGs depending on the characteristics of the supply voltage [2] [3] [4] . AC µGs have the great benefit of utilizing existing AC grid technologies. However, DC µGs seem particularly suitable for supporting modern needs, because most distributed generation sources can generate DC power directly. Moreover, DC grids can provide high-continuity and high-quality power levels to AC sensitive loads [4] [5] [6] [7] . Recently, hybrid DC/AC µGs have been considered; they include both DC and AC sections and consequently take advantages of both them [8] [9] [10] [11] .
Hybrid DC/AC µGs can be useful also in industrial systems where usually only AC grid are installed. However, the introduction of DC sections seems particularly suitable due to the above mentioned evidences. Then, this paper proposes the implementation of a hybrid AC/DC µG including both DC and AC sections in an actual Italian industrial facility. The hybrid µG includes dispatchable and renewable generation units, a storage system and controllable loads.
The hybrid AC/DC µG requires to adopt suitable strategies to optimally control the contemporaneous presence of different technologies such as AC and DC energy generation systems, storage systems and controllable loads. These optimization strategies are aimed at operating the grid efficiently and should take into account technical and operating limitations of both the grid and its resources.
The solution of linear and/or non-linear optimization models has been usually required to apply the optimal strategies whose formulation can be characterized by different time horizons. In the technical literature, dayahead scheduling or real-time procedures were proposed separately [12] [13] [14] [15] . In particular, the first type of procedure operates on a day-ahead basis and aims to schedule controllable resources to preserve reliability during operation. The real-time procedure aims to guarantee balance between load and production on a very short time basis.
Suitable control strategies were proposed in the technical literature also for hybrid AC/DC µGs. In [8] a cooperative control is proposed to enhance power quality, where the AC and DC µGs are treated as two separate entities. In [9] , an algorithm for the coordination and control of the µG is applied aimed at minimizing the power transfer between the AC and DC grids, and guaranteeing the correct operation of both sub-grids. In [10] , an optimal day ahead scheduling is proposed with the aim of minimizing the total cost sustained during the day. In [11] , a real time control of the active and reactive power supplied by the interlinking AC/DC converter is presented, aimed at proportionally sharing the power among the different power sources on the basis of their ratings. This paper proposes a new day-ahead scheduling strategy to optimally control the proposed hybrid AC/DC µG. The day-ahead scheduling is performed using a centralized control system (CCS) and aims to optimally operate the controllable loads, dispatchable generation units, and battery energy storage systems included in the proposed hybrid µG. An adequate optimization problem is formulated and solved, taking into account technical and operational constraints as well as guaranteeing the minimization of the costs sustained by the industrial facility for the total daily energy required.
The main novelty of the proposal of this paper is that, unlike the control algorithms discussed in [8] [9] [10] [11] , the proposed approach allows handling controllable loads and dispatchable generations. Moreover, compared to the proposals of [8] and [11] , the proposed control operates on the AC and DC sub grids contemporaneously thus considering the hybrid µG as a whole with all its complex devices.
The paper is organized as follows: Section II describes the hybrid AC/DC µG considered for the study while Section III details the day-ahead scheduling optimization model and the solution procedure. Section IV shows the first results of a practical application of the proposed procedure.
The hybrid microgrid under study
A general scheme of the proposed AC/DC hybrid µG is shown in Fig. 1 . It includes linear and non-linear loads, dispatchable and non-dispatchable dispersed generation units and energy storage systems. A DC/AC static converter is used to connect the DC grid with the AC grid. Non-dispatchable DC generators, sensitive loads and BESSs are connected to the DC grid.
Sensitive loads connected to the DC grid are also controllable loads. It is assumed that they have an assigned (known) pattern of power consumption, i.e., once the device is turned on (start-up time), it works according to its own pattern of power consumption until the job is completed. In the formulation proposed in this paper, the patterns of load power are calculated from the known rated powers, or are predicted based on historical data of the loads; look-up tables also can be used to determine these values. The start-up times of the loads are control variables in the optimization problem (i.e., the loads are controllable in terms of start-up time).
Dispatchable AC generators and linear/non-linear AC loads are connected to the AC grid.
In particular:
i) sensitive loads are connected to the DC µG through DC/AC converters;
ii) the DC generators are non-dispatchable photovoltaic systems connected to the DC grid through DC/DC converters and equipped with a Maximum Power Point Tracker (MPPT);
iii) the storage system is a battery connected to the DC grid through a DC/DC converter and can be controlled in terms of charging/discharging power; iv) the AC generators, which are dispatchable generation units, are equipped with microturbines connected to the AC grid through AC/AC static converters.
The CCS in Fig. 1 performs the day-ahead control strategy for the optimal operation of controllable loads, dispatchable generation units, and battery energy storage systems (BESSs). The day-ahead scheduling minimizes the total daily costs of energy including the cost of the imported electrical energy and the cost of production of the dispatchable generation while satisfying operational constraints as those related to the production process. 
The day-ahead optimization problem formulation
The optimal scheduling of the considered hybrid µG is formulated by means of a non-linear optimization problem involving both integer and continuous variables. In the formulation described below it is supposed that K BESSs, R non-dispatchable generators and M controllable loads are connected to the DC µG, while N dispatchable generators and P non-controllable loads are connected to the AC µG, The optimization time interval is one day (24 hours) that is discretized into ݊ ௧ uniform time slots (e.g., ݊ ௧ = 24 x 3 if 20 minutes per slot are considered).
Inputs of the optimization problem are the day-ahead forecasted power of non-dispatchable units and noncontrollable loads at each time interval of the day, the BESS state of charge at the beginning of the day and the data regarding the controllable loads that are: the required number of work cycles in a day (N cycle ), the duration of each work cycle in terms of number of time slots (N slot ) and the absorbed energy profile during each cycle. To better clarify the meaning of these data, Fig. 2 presents an example of the daily controllable load power profile with the load in service three times in a day (N cycle =3) and each load profile lasting two time slots (N slot =2).
Further inputs refer to the parameters of the cost function used for the dispatchable generators and the hourly price of the electricity related to the tariff scheme adopted by the facility (e.g., real time or time of use pricing). Outputs of the procedure are the daily power profile of the dispatchable generator units, the charge/discharge power profile of the BESS along the day and the power profile of the controllable loads.
The day-ahead scheduling is formulated in terms of single objective optimization aimed at minimizing an objective function while satisfying equality and inequality constraints. The objective function to be minimized is the cost sustained by the industrial facility for the total daily energy which includes the cost for the energy imported from the MV grid and the production cost of the dispatchable generation. Then, the objective function can be formulated as:
where ܲ ௗ is the grid active power absorbed at the j th time slot, Pr ா, is the day ahead forecasted electricity price and ‫ܥ‬ , ௗீ is the production cost function of the n th dispatchable generator at the j th time slot. Usually, the production cost related to the generation of the dispatchable generator is evaluated by means of a quadratic function [16] , thus in the considered application it is assumed that:
where ܽ ீ, , ܾ ீ, and ܿ ீ, are specified parameters of the n th generator, ܲ ீ,, is the power supplied to the grid by the dispatchable generator and ‫ݑ‬ሺ݊, ݆ሻ refers to a binary discrete variable which denotes whether the n th dispatchable AC generation unit is ON or OFF at time slot j. The equality and inequality constraints are shown for the DC and AC µGs separately.
DC µG constraints
The energy stored in the k th BESS (k=1,2, …, K) has to be the same at the beginning and end of the day:
where ܲ ாௌௌ,, is the power of the k th BESS at the time slot j and ߟ ௦௦, is the efficiency of the k th BESS. In each time slot, the power charged/discharged by the BESS is bounded by the battery size:
where Ω ௗ, (Ω , ) is the set of time slots in which the battery is allowed to charge (discharge), ܲ ௫ and ܲ ௫ ௗ are the maximum power rates in charging and discharging stages, respectively. It has to be noted that, for each battery, the choice of Ω ௗ, and Ω , is related to the admissible number of charging/discharging cycles per day. As an example, in case of one cycle/day, the battery can be charged during the early morning and night (i.e., low price hours) and discharged during the central hours of the day (i.e., high price hours). For the k th BESS, further constraints are imposed to the energy stored in the battery that, at each time slot j, has to be within an admissible range ‫ܥܱܵ[‬ ௦, ୫୧୬ , ‫ܥܱܵ‬ ௦, ୫ୟ୶ ]:
where ‫ܥܱܵ‬ ௦, ୧୬ is the energy stored in the k th BESS at the beginning of the day. The value of ‫ܥܱܵ‬ ௦, ୫ୟ୶ is due to the battery size, and the value of ‫ܥܱܵ‬ ௦ ୫୧୬ can be properly selected in order to take into account the maximum allowable depth of discharge, thus accounting also for the preservetion of the battery lifetime [17] .
In an industrial facility, as it is the case of the application considered in this paper, the controllable loads can be in service only in specified sets of time slots, which are typically linked to the specified daily work cycle. Hence, the power absorbed by the m th (m=1,2, ...M) controllable load at the j th (j=1,2, ...n t ) time slot is constrained by:
where Ω ௐு, is the set of time slots of the planned daily work hours and ܲ ௗ,, is the power absorbed by the m th controllable load at the j th time slot. The following constraints are imposed during the rest of the day:
The power absorbed by the m th controllable load has to satisfy the following equations: 
where the upper value is related to the size of the dispatchable generator, while the lower limit is due to operational constraints and the type of generator [16] .
The power balance at the AC side of the µG at the j 
where the bounds can be related to the size of the AC network interfacing transformer, contractual agreements or peak shaving services. Note also that, in case the hybrid µG is allowed to export power to the distribution grid, the (1) could be slightly modified since, in the present form, it involves the same price for both bought and sold powers. It has to be underlined also that, in the proposed day-ahead procedure the DC and AC grid internal constraints are neglected since they require a cumbersome formulation of the network equations, state variables, and constraints. This simplification does not introduce a significant error because industrial systems usually are characterized by reduced-size grids, so the line impedances do not influence the amplitude of the bus voltage significantly.
Numerical results
The scheduling strategy illustrated in Section 3 was applied to the AC/DC Hybrid microgrid (µG) shown in Fig. 3 . Fig. 3 General scheme of industrial AC/DC µG This is the electrical distribution system of the GETRA, an industrial facility located in the South Italy. Its electrical distribution system includes four, lowvoltage electrical lines ("tanks and boxes manufactory", "tests", "assembly" and "winding and coils" lines) fed by two MV/LV transformers. Each electrical line is dedicated to a different manufacturing process.
In particular, the AC/DC µG included three controllable loads, a 60-kWp PV generation plant, a 30 kVA micro turbine generator and a 100-kWh storage system (BESS). An AC/DC, PWM-controlled, static converter was used to connect the DC and AC µGs.
The day was divided into 20-min time slots (i.e. the number of daily slots is equal to 72). The controllable loads are AC loads, and they are connected to the DC µG through a dedicated line and a DC/AC converter that supplies them. The controllable loads (whose characteristics are reported in Table I ) are:
• automated bending robot for metal plates (ABRMP)
• sandblasting machine (SM)
• PLCs used to control the automation of all of the electromechanical processes. Among the commercially-available batteries, the Li-ion battery was chosen and installed. This choice was based on the specific characteristics of this type of battery, i.e., a long lifetime, even for a significant depth of discharge, and its high efficiency. The storage system limits are ‫ܥܱܵ‬ ௦, ୫୧୬ = 20 kWh, ‫ܥܱܵ‬ ௦, ୫ୟ୶ =100 kWh with ܲ ௫ = 20 kW; the BESS charging and discharging efficiencies are equal to 0.92. To guarantee an adequate state of charge at the beginning of the work hours, ‫ܥܱܵ‬ ௦ ୧୬ was fixed equal to 100 kWh. In addition, the time interval for BESS discharging was fixed from 6:00 A.M. to 10:00 P.M. and that for BESS charging from 10:00 P.M. to 6:00 A.M. The micro turbine power limits were imposed to be ܲ ௗீ = 0 and ܲ ௫ ௗீ = 30kW. Several operating conditions were analyzed; for the sake of conciseness, only some results of the case that refers to the real time energy price profile shown in Fig. 4 are reported. Fig. 5 shows the input data of the optimization model, with reference to the forecasted values of the powers of non-controllable loads and the PV unit. The output data of the applied scheduling strategy are those shown in Figs. from 6 to 9; they refer to the active powers of the microturbine (Fig. 6 ), storage system (Fig.  7) , controllable loads ( Fig. 8) and that flowing through the AC-DC converter (Fig. 9) . Figs. from 6 to 9 clearly show that:
• Controllable DC loads are turned on in the time slots where the energy price is lower, i.e. at 6 A.M. up to 8 A.M. and at 6 P.M. up to 10 P.M.; • in the hours in which the energy price is higher (from 10 A.M. to 6 P.M.), the µG's resources (i.e., microturbine, PV and storage systems) are used to supply power to the loads; • in the time 8 A.M. to 6 P.M. the DC µG export energy to the AC µG. Fig. 10 shows the hourly cash flows of the industrial facility without (solid line) and with (dashed lines) the proposed hybrid µG. Fig. 10 clearly evidences the reduction of energy costs from 7 A.M. to 7 P.M. thanks to the reduction of the power imported from distribution network in high energy price hours. Globally, the total daily costs sustained by the industrial facility without the support of the µG are 29% greater than those sustained with the proposed strategy. 
Conclusions
This paper proposes a modification of an actual industrial system with the installation of a hybrid AC/DC µG including dispatchable generation units, PV generation systems, storage systems and controllable loads.
An optimization model is formulated to solve the problem of the day-ahead optimal scheduling. The model aims to optimize the operation of dispatchable resources and controllable loads minimizing the daily costs of the energy imported from the AC grid as well as those required by the dispatchable generation and satisfying operational constraints such as those related to production process requirements.
The main outcomes of the paper are that:
• the proposed control scheme allows optimally managing different resources and controllable loads furnishing also high continuity to sensible loads; • the hybrid µG in an industrial facility applying the proposed control strategy makes it possible to obtain significant economic benefits. Industrial System without µG Industrial System with µG
